Mössbauer Spectroscopy, Oxygenated M yoglobin 57Fe Mössbauer spectra of oxygenated sperm whale myoglobin (M b O ,) show a w ell resolved quadrupole doublet with a temperature dependent splitting. The temperature dependence o f the corresponding electric field gradient tensor (E F G ) can be calculated from a Fe3+ term scheme for the iron at the active center. The Mössbauer spectra as w ell as the diamagnetic character of the M b 0 2-complex are then understood by an exchange coupling of the F e 3+-ion with the 0 , " oxygen molecule ion. T h e resulting groundstate is a diamagnetic singlet. In order to keep the whole com plex diamagnetic at room temperature, an exchange As the whole model is in fair agreement with many a good starting point for further detailed calculations.
Introduction
The reversible oxygen binding at the active center of haemoglobins is until today not well understood. A basic experimental information came from the magnetic susceptibility measurements of Pauling and Coryell [1 ] . They found that the unliganded haemo globin, which is paramagnetic, became diamagnetic by the binding of the paramagnetic 0 2 molecule. Later, two models for the spatial arrangement of the oxygen molecule bound to the iron of the haem have been developped [2 -4] . None of these models is uniformly accepted. Both models start from the as sumption, that the iron in the 0 2 liganded state re mains essentially ferrous as in the deoxygenated state.
Weiss [5] suggested an Fe3+-02"-type of bonding which was supported by first molecular orbital cal culations of Viale etal. [6 ] . More extensive calcu lations on the active center of oxygenated haemo globins have to start with a certain assumption about the coordinates of the haem plane components. Ex tended Hiickel calculations [7] on an 0 2-liganded porphyrin complex with the oxygen molecule axis perpendicular to the haem plane proved the insta bility of such an axial arrangement, which should be paramagnetic, in contrast to Pauling and Coryell [1 ] . Further extended Hiickel calculations for the iron porphyrin complex with various bond angles of the oxygen molecule were presented by Loew and Kirch ner [8 ] , who found a strong dependence of the elecRequests for reprints should be sent to Dr. F. Parak, PhysikDepartment E 15, Technische Universität München, JamesFranck-Straße, D-8046 Garching coupling with [ / | 300 cm 1 is necessary, other spectroscopic data, it is believed to be trie field gradient tensor (EFG) on the spatial ar rangement of the oxygen molecule.
Heitler London calculations were performed for two arrangements of the oxygen molecule. These cal culations use a crystal field approach [9, 10] for the electronic structure of the iron as a starting point. For the oxygen molecule axis parallel to the haem plane, the diamagnetism of the system can be ex plained by a triplet-triplet bonding of the iron ( 3E-state) and the oxygen molecule ( 3^-state) [11 -13] . In this case the iron-oxygen bond may be described as Fe2+-02 rather than Fe3+-02~, because the Fe3+-02~ states are shown to be energetically far above the groundstate. However, the extension of these calcu lations to the asymmetric case with the oxygen mole cule axis inclined by 60° to the haem plane normal [14] yielded larger contributions of the charge transfer configurations.
Ab initio calculations on various iron porphyrin complexes were recently presented. Goddard and Olafson [15, 16] found the triplet-triplet coupling to be reasonable for the oxygen molecule axis in clined with 119° relative to the haem plane. The cal culations of Dedieu etal. [17] on different iron por phyrin complexes also corroborate an inclined mole cule axis. A comparison of various theoretical models for oxygenated haemoglobins is given in ref. 18 .
Among other spectroscopic methods, 57Fe Möss bauer spectroscopy presents a highly useful tool to look exclusively to the active center of haemoglobins. Mössbauer spectra of haemoglobins in deoxygenated and various differently liganded forms with the iron in the Fe2+ or Fe3+ state can be interpreted by rela tively simple crystal field models for the iron at the active center [19 -23] . The theory of these models was presented in ref. 24 . No quantitative interpreta tion for the Mössbauer spectra of oxygenated haemo globins has been given until now, although some suggestions have been made [25, 24, 8] . The large and temperature dependent quadrupole splitting in the 57Fe Mössbauer spectra of oxygenated sperm whale myoglobin (M b02) is similar to the splitting known from deoxygenated myoglobin (deoxy-Mb) [19, 20] and in CN-liganded myoglobin (MbCN) [26] . However, these complexes are both paramag netic, in contrast to the diamagnetic Mb02 . This diamagnetism is on the other hand similar to the diamagnetism of CO-liganded myoglobin (MbCO), which shows in contrast to Mb02 a very small qua drupole splitting in its Mössbauer spectrum [22] .
In this article a measurement of the temperature dependence of the quadrupole splitting of 0 2-liganded sperm whale myoglobin is presented. An interpreta tion of these data with a crystal field model, follow ing the lines of [19 -23] , is given.
M aterials and M ethods
The preparation of the 57Fe-enriched sperm whale myoglobin was carried out according to Parak and Formanek [27] . A final concentration of the puri fied protein of 62.5 mg/ml was readied by dialysis. The reduction was carried out by dithionite. Pure oxygen gas was used for the oxygenation. The sample finally consisted of 25 mg myoglobin in 0.25 M NaClsolution at pH = 7.0. The cylindrical sample holder was made from PVC and tightly closed by hostaphan windows and indium sealings. The protein solution in the sample holder was then quickly frozen in liquid propane [22] . By this method we avoid denaturation of the sample during a too slow freezing process.
The Mössbauer spectra were obtained with con ventional Mössbauer spectrometers as described in ref. 28 . The low temperature measurements were done with two different cryostat systems. First we used a liquid helium cryostat with an insert for the temperature variation. The whole apparatus is de scribed in ref. 21 . Additionally a vapour cryostat was used for measurements down to liquid nitrogen temperature. In this second apparatus the drive unit with the source stays permanently at room tempera ture and may be removed without removing the sample from the cryostat. Thus the background cor rection can be easily performed by introducing var ious additional absorbers between the source and the sample. The whole procedure is described in ref. 27 . To avoid the influences of the slightly varying ampli fication of a proportional counter, a Si (L i) detector with an area of 3 cm2 and 2 mm thickness was used for all the measurements with the vapour cryostat.
The independent temperature calibration and con trol of the two cryostats yielded consistent results in the whole temperature range. In both cases the volt age of a reversely biased silicon diode was used for the temperature measurement. The whole error of the temperature measurement and control was less than + 1 K for all of our spectra.
Results
Four typical Mössbauer spectra of Mb02 are given in Fig. 1 . The temperature dependence of the quadru pole splitting is shown in Fig. 2 . From the least squares fit of Lorentzian lines to the spectra we ob tained also a temperature dependence of the line width of the quadrupole doublet as shown in Fig. 3 . For a series of measurements above 77 K a back ground correction was performed immediately after recording the spectrum. Then the Lamb-Mössbauer factors were calculated from the absorption areas of the spectra, assuming a uniform absorber thickness corresponding to 0.74 x 1018 57Fe atoms/cm2. The /-factor of the source was taken / = 0.785 for 57CoRh [29 ] . The number of 57Fe atoms could only be esti mated with an accuracy of ± 10%. In addition a frozen solution sample has certainly no uniform thickness as assumed in our evaluation. Therefore, the error of the absolute value of f may reach 25%. The relative errors among the values at different temperature are considerably smaller. Fig. 4 shows a drawing of f as a function of T. All results of our experiments are listed in Table I .
Discussion
The temperature dependence of the quadrupole splitting at the 57Fe nucleus shown in Fig. 2 as well as the diamagnetism of the whole M b02 molecule can be understood by the following model. When the free 0 2 molecule which is in a paramagnetic 3JT-state [30, 31] binds to the iron of the active center of myoglobin, which is in a Fe2+ state with mainly 5E character [2 0 ], it takes up one electron and a Fe3+-02~ complex is formed. The groundstate of the Fe3+ ion becomes a 2E state, while the groundstate of the 0 2~ molecule becomes 2IJ.
As well known from other Fe3+ haemoglobins [21, 32, 33] , there exist several other low lying energy levels ( 6A 1, 4A 2, 2B2, as long as we assume a C.4V symmetry at the position of the iron). Taking into account a reduction of the symmetry to C >2V and a spin orbit coupling (compare [3 3 ]) the electronic state of the iron can be described by 8 low lying Kramers doublets. Each Kramers doublet combines with the Kramers doublet of the groundstate of the 0 2_ molecule yielding one singlet and one triplet as shown in Fig. 5 . The diamagnetism of the complex forces us, to assume that the singlets lie energetically below the triplets. This mechanism should be similar to the exchange coupling of transition metal ions in host crystals, as investigated by EPR [34] . The para magnetism of the 0 2~ oxygen molecule ion is well known from EPR on 0 2~ in various crystals [35, 36] or adsorbed on metal surfaces [37] . The magnitude of the exchange coupling constant J may be also esti mated from the literature [34] . For a distance ^ 3 A, 7 | ^ 300 cm 1 is reasonable, yielding an energy splitting between the singlets and the triplets Tab. I. Experimental data o f the isomer shift (S referred to a-iron), line width (.T ex p ), Lamb-Mössbauer factor (/') and quadrupole splitting ( § e2 q Q ) o f M b 0 2 at various tem peratures ( T ) . For the measurements marked by (+) the source was kept at room temperature. of about 600 cm-1. In order to get a temperature dependent EFG as observed in the M b02 spectra, we have calculated the EFG for a 2E groundstate and the excited states placed closely above (compare Fig. 5 ). The calculation of the EFG from an elec tronic term scheme of the Fe2+-ion has been outlined in ref. 20. For the Fe3+-ion the EFG is calculated in complete analogy. The total EFG at the iron nucleus is composed by a valence contribution of the elec trons in the 3d-shell and a " lattice contribution" governed by the parameter x (for definition see ref.
20). The temperature dependence of the EFG is then obtained by a Boltzmann average over the low lying singlets of the Fe3+-02~ complex. These singlets are assumed to yield the same contributions to the EFG at the iron nucleus as the corresponding Kramers doublets of the Fe3+, which are calculated from the terms 2E, 6A a, 4A 2, and 2B2, taking into account a rhombic distortion of the Cjy-crystal field and the spin orbit coupling. In contrast to the high spin terms 5E and 5B2 of the 3d6 configuration, the and 4A 2 terms of the 3d5 configuration have spherical sym metry and yield no valence contribution to the EFG. However, among the low lying electronic states of the 3d5 configuration the terms 2E and 2B2 give large valence contributions. They are responsible for the large quadrupole splitting which is unusual for Fe3+. In analogy to the terms 5E and 5B2 the charge distri bution of these terms differs by one electron from spherical symmetry, and therefore also the Sternheimer factors are assumed to be the same [38 ] . As mentioned in the introduction, the idea of a Fe3+-02~ complex was already suggested by Weiss [5 ] . A detailed comparison of optical absorption spectra [39] showed a close similarity of M b02 to MbCN. In MbCN the iron of the haem can be treated as low spin Fe3+ ion [21] . Magneto optical rotation measurements [40] corroborated such a similarity. The strongest indication for a Fe3+-02~ type of bond was given by the infrared vibration frequency of the bound oxygen molecule [41] . The frequency found is practically identical with the frequency of 0 2~ and far away from the frequency of the free oxygen molecule. Moreover, 0 2~ is known to reduce methaemoglobin [42] , and on the other hand 0 2~ is generated during the autoxidation of oxygenated haemoglobin [43] and myoglobin [44 ] . The Fe3+-02~ complex seems also to be reasonable from comparison with other metal oxygen complexes [45] . There remains the question if the Fe3+-02~ model is the only one which may explain the diamagnetism of the complex as well as the temperature dependence of the quadrupole splitting obtained from Mössbauer spectroscopy. In Fig. 6 various electronic states are shown for the iron atom and the oxygen molecule, respectively. There are two other combinations for the iron's and the oxygen's electronic states, which can be composed to a diamagnetic groundstate of the iron-oxygen complex.
For the free oxygen molecule, the diamagnetic X A state lies roughly 8000 cm-1 above the 32 groundstate. This X A state would become the groundstate of the oxygen in an environment with a crystal field strength of 11000 cm-1, which removes the Ji-degeneracy of the free oxygen's electronic orbitals [46 ] . The diamagnetic groundstate of M b02 would then require a state of the iron. As already men tioned this would cause a small quadrupole splitting in the Mössbauer spectra as in MbCO, in contra diction to our experiment. The 3E-state of the iron lies close to the 5E-groundstate in deoxy-Mb. As often suggested [12, 24] this state could couple to the 32 state of the oxygen. The EFG caused by the 3E-state has the right order of magnitude, and there fore this triplet-triplet coupling could also be a rea sonable approximative description for the ironoxygen bond. One may therefore start with the 3E 4-i- No explanation is given so far for the line broad ening shown in Fig. 3 . Recently a week paramagne tism of oxygenated haemoglobin has been reported in ref. 47 . The small contribution of paramagnetic states at higher temperatures could explain the line broadening as a magnetic relaxation phenomenon. However, the results of ref. 47 are in clear contrast to very careful susceptibility measurements on H b02 of Hoenig [48] . He found for the whole temperature region a susceptibility less than 0.5 x 10~3cgs/mol. The experiment of ref. 47 is also critically discussed in a recent paper of Pauling [49] .
Mössbauer spectra of the oxygenated picket fence porphyrin model compound [50] have been pre sented by Spartalian etal. [51 ] . Their interpretation is consistent with the X-ray structure data of the oxygenated model compound [52] showing an oxy gen molecule which can move between two binding positions. If a small difference of the binding energy for these two positions is assumed, the variation of the EFG as well as the variation of the Mössbauer line width with temperature can be calculated from the relaxation theory of Blume and Tijon [53 ] .
The different variation of the line width for oxy genated haemoglobins is discussed by Spartalian and Lang [54] assuming a solvent phase transition which yields a line broadening above 136 K. The LambMössbauer factor shown in Fig. 4 gives no hint for such a phase transition. Moreover X-ray structure data of oxygenated erythrocruorin [55] show a de fined position of the 0 2 molecule. No smearing of the electron density corresponding to the oxygen molecule over a large region was found. It should be mentioned that the vibration frequency of the bound oxygen molecule is also different for haemoglobin [41] and the picket fence porphyrin [56 ] . There [3] J. S. Griffith, Proc. Roy. Soc. A 235, 23 -36 (1956). fore, conclusions for the reversible oxygen binding of the protein should not be drawn in a strict man ner from the picket fence porphyrin.
The X-ray structure analysis of oxygenated ery throcruorin [55] showed a water molecule close to the bound oxygen molecule inside the haem pocket. The presence of an additional water molecule was not taken into account in all the calculations men tioned in the introduction. According to [57] an additional hydrogen bond to the oxygen molecule would stabilize an Fe3+-02~ complex at the active center. Therefore, the additional water molecule should not be neglected in further calculations.
The interpretation of the temperature dependence of the quadrupole splitting given in ref. 58 , 59 also needs a large mobility of the 0 2 between two differ ent positions. The same mobility of the 0 2 molecule is taken as an explanation for the temperature de pendence of the isomer shift of the Mössbauer spectra [60 ] . As already mentioned, this is not supported by X-ray data [55] . The isomer shift of M b02 at 195 K with respect to a-iron is 5 = 0.233 mm/s. This is close to the value of HbCO (5 = 0.18 mm/s at 195 K [2 6 ]) but also close to HbCN (5 = 0.17 mm/s at 195 K [2 6 ]). Therefore, a decision between Fe2+ and Fe3+ is not possible from the isomer shift. It is evident, that the level scheme of the iron developped in this paper could give a temperature dependent isomer shift. Unfortunately, we see no possibility for such a calculation.
As discussed in several publications [20, 21] the crystal field parameters can be taken as a measure for the distance of the iron to it's next neighbours. From the e3 value obtained in this work one may conclude, that the iron lies even closer in the haemplane than in metmyoglobin [21] . A more detailed discussion of these correlations will be given else where.
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